Purpose: To describe our experience of offering simultaneous genetic carrier screening for cystic fibrosis (CF), fragile X syndrome (FXS), and spinal muscular atrophy (SMA).
INTRODUCTION
Population genetic carrier screening provides individuals and couples with information about their risk of having a child with a genetic condition. Such programs were originally implemented for inherited conditions, one condition at a time; however, advances in genetic testing technology have enabled the development of "extended" carrier screening panels comprising multiple conditions. These panels test for multiple autosomalrecessive and X-linked conditions, regardless of the presence or absence of family history, thereby informing reproductive decision making and planning.
There is debate about which conditions should be included in extended carrier screening panels. 1 Criteria for inclusion of a genetic condition include that the condition should have a well-defined phenotype and a serious impact on the affected individual and their family, be relatively common, have a highly accurate test available with a high detection rate, be able to be diagnosed prenatally, and that screening for the condition is perceived to be acceptable to the target population and the community. [2] [3] [4] Population-based carrier screening for cystic fibrosis has been available in Victoria, Australia since 2006. 5, 6 In late 2012, Victorian Clinical Genetics Services (VCGS) began offering a multidisorder genetic carrier screen, now offered under the brand name prepairt, comprising three common and severe conditions: cystic fibrosis (CF), spinal muscular atrophy (SMA), and fragile X syndrome (FXS) ( Table 1) . Here we report findings from the first 12,000 individuals screened. b In some classification systems type 0 (prenatal onset) and type 4 (adult onset) also delineated.
MATERIALS AND METHODS

Screening program development
The Figure 1 summarizes the carrier screening process. Screening was offered to women prior to pregnancy or early in pregnancy (recommended ≤ 12 weeks gestation) by general practitioners, obstetricians, fertility specialists, genetic counselors, and clinical geneticists. Screening for the three conditions was generally performed on the female first. Only CF and SMA carrier screening was performed when testing was requested for males. The purpose of this screening program was to identify individuals at risk of having a child with CF, FXS, and SMA. FXS carrier screening was not performed on males because male FMR1 premutation (PM) carriers are not at risk of having a child with FXS. Additionally, FXS PM carrier status conveys a risk for fragile X-associated tremor/ataxia syndrome, predominantly affecting males. It can therefore be argued that FXS carrier testing in males is predictive testing for fragile X-associated tremor/ataxia syndrome requiring more comprehensive pretest genetic counseling, which is not feasible for a population screening program. 7 An information brochure summarizing key information necessary for decision making was attached to the test request form and genetic counseling was available at any stage in the carrier screening process.
All carrier results were discussed with the referring health professional by telephone with genetic counseling offered for the carrier. For carriers of CF or SMA, genetic counseling was provided by telephone and testing of the partner was offered and arranged. All couples/individuals with an increased risk of the condition (CF and SMA carrier couples and FXS carrier females) were offered a genetic counseling appointment and an appointment with a pediatric subspecialist with expertise in the relevant condition.
To assess program outcomes, data were extracted from laboratory and genetic counseling databases. As the offer of testing was at the discretion of the individual health-care practitioner, we could not gather data about individuals who were offered but chose not to proceed with screening. Demographic and referral information were obtained from test request forms completed by the referring practitioner. As the genetic counseling team had contact with the carrier and/ or their referring practitioner, more detailed and comprehensive information was available for carriers.
Genetic testing Cystic fibrosis
Testing was performed for 38 variants in the CFTR gene ( Table 2) , which account for~90% of CF carriers in the Australian Caucasian population. Inclusion of variants in the panel was based on the recommendations by the American College of Medical Genetics and Genomics (ACMG), their frequency in our population, and variant severity. Variants that result in mild and/or late-onset CF were not included following the recommendations of the Human Genetics Society of Australasia. 8 Individuals with a known familial variant that was not included in the 38 panel were offered testing for that variant. Testing of the 38 panel was performed using matrix-assisted laser desorption ionization-time of flight mass spectrometry. Variants were detected by single-nucleotide primer extension analysis. If a variant failed testing, if a novel peak was observed in the mass spectrometry chromatogram, or if an individual had a known family variant, the specific region was analyzed by Sanger sequencing. If a new variant was identified, it was then assessed using previously published data to determine clinical significance. The variant was only reported if classified as pathogenic or likely pathogenic. If no CFTR variants were identified the result was reported as "low risk" of being a CF carrier.
Fragile X syndrome FXS carrier screening was performed by triplet-primed polymerase chain reaction of the FMR1 CGG repeat region using the FMR1 TP-PCR kit (Abbott, USA) followed by highthroughput automated capillary electrophoresis. This assay has a detection rate of 99%, which enables detection of CGG repeat expansions and resolves normal homozygous female samples from heterozygotes with expansions. 9 As this screening program was designed to identify individuals at increased risk of having a child with FXS, a threshold of 55 CGG repeats was chosen to differentiate normal from expanded alleles, as the lowest PM reported to have expanded to a full mutation (FM) is 56 CGG repeats. 10 If a result showed ≤ 54 repeats, it was reported as "low risk" for having a child with FXS. Gray zone (GZ) alleles (45-54 CGG repeats) were reported as "low risk" because women with GZ alleles are not at risk of having a child with FXS. Results of ≥ 55 repeats were reported as "increased risk" for having a child with FXS. All samples from individuals with increased risk results had confirmatory testing through standard diagnostic testing protocols, 11 including Southern blot analysis for individuals identified with an allele greater than 55 repeats. 12 The results were always concordant within ± 2 repeats.
Spinal muscular atrophy
A quantitative real-time polymerase chain reaction was used to measure the copy number of exon 7 of the SMN1 gene, as the vast majority of carriers have a deletion in exon 7. This assay enables the specific copy number of the SMN1 gene to be determined. 13 If two or more copies of the SMN1 gene were identified, the result was reported as "low risk" for being a carrier of SMA. If one copy of the SMN1 gene was identified, the result was reported as a "carrier" of SMA. This assay has a 95% sensitivity, as variants in untested regions of SMN1 as well as the 2 + 0 genotype are not detected.
RESULTS
Demographics
Data from the first 12,000 individuals tested indicated that 96.92% (11, 630) (16) . Information provided on the request forms indicated that at least 69% of the female individuals screened were pregnant when tested. The majority Figure 2 Outcomes of 12,000 individuals who had carrier screening for cystic fibrosis (CF), fragile X syndrome (FXS), and spinal muscular atrophy (SMA). NIPS, noninvasive prenatal screening. *"Partners not tested" includes partners who declined testing or where it was not known whether the partner had been tested. **In a small proportion of instances (CF 275, SMA 12), individuals were not tested for one of the conditions because they had previously had testing.
of results (93.63%) were reported within 10 working days from sample receipt, and 99.70% within 15 working days.
Carriers
Of 12,000 individuals screened, 610 (1 in 20; 5.08%) were found to be carriers of at least one of the three conditions: 342 CF (1 in 34; 2.91%), 35 FXS (1 in 330; 0.30%), and 241 SMA (1 in 50; 2.01%) (Figure 2) . Eight of these 610 individuals were carriers of two conditions (5 CF and SMA, 1 SMA and FXS, 2 CF and FXS). Allele frequencies of the variants identified are summarized in Table 2 . Of 22 CFTR variants that were detected in 342 CF carriers, 331 (96.78%) were carriers of variants recommended for screening by ACMG, 10 (2.92%) were carriers of six variants that are included in our customized panel, and one (0.29%) was a carrier of a familyspecific variant. At least 94.68% (552/583) of partners of CF and SMA carriers were tested to determine the couple's risk of having a child with the condition. In 20 cases we could not establish whether the partner had been tested and in 11 cases partner testing was not undertaken. Reasons for partner testing not being undertaken included the following: the person receiving the carrier result did not have a partner (6), the partner declined testing (2), the partner intends to have carrier testing but has not yet done so (1), the couple felt they would not terminate an affected pregnancy (1), and the partner of a CF carrier was of non-Caucasian ancestry and perceived themselves to be at low risk of being a carrier (1).
Prior to testing, 88.36% of carriers (539/610) had no known family history of the condition. The majority of carriers were pregnant at the time of testing (58.69%, 358/610).
Outcomes from increased risk individuals/couples
Fifty individuals/couples (0.42% or 1 in 240 people screened) were at increased risk of having a child with one of the three conditions (14 CF, 35 FXS, and 1 SMA). Of these, a family history of the condition was present for 13 (26%): six CF carrier couples and seven FXS carriers. For 12 of the 14 CF carrier couples, both partners were carriers of a CFTR variant in the ACMG list of 23 variants recommended for population screening. 14 In one instance, one member of the couple carried a variant not in the ACMG list, and in another, the variant information of the partner of one of the carriers was not provided (partner had been tested by another laboratory). Most (24/35; 68.50%) FXS carriers had a small PM of 65 CGG repeats or less conveying a risk of expansion to FM of less than 5%. 15 As outlined in Figure 2 , 64% (32) of the increased risk couples were pregnant at the time of testing (9 CF, 22 FXS, 1 SMA). All CF and SMA carrier couples opted for prenatal diagnosis, as did 16 of the FXS carriers, and seven affected pregnancies were identified (4 CF, 2 FXS, 1 SMA). After prenatal SMN1 testing revealed 0 copies, SMN2 copy-number prenatal testing was performed on the affected fetus. This showed two copies of SMN2 in the fetus, indicating a high risk for an early-onset form of SMA. 16 This couple chose termination of pregnancy, as did three of the four couples with CF-affected pregnancies.
Of the 16 FXS PM carriers who had prenatal diagnosis, the expanded FMR1 allele was inherited by the fetus in 10 cases. Of these, two FMR1 alleles expanded further but remained in the PM range (56 → 62; 67 → 78), and two PMs expanded to FMs (71 → 113/1,607 mosaic male; 123 → 508-1,118 female). Both couples with FM CVS results chose termination of pregnancy. Of the six PM carriers who did not have prenatal diagnosis, two miscarried, and four declined prenatal diagnosis: one (55 CGG repeats) declined prenatal diagnosis due to the low risk of FXS, two (55 and 57 CGG repeats) used noninvasive prenatal screening to determine the sex of the fetus and opted not to undergo prenatal diagnosis after discovering the fetus was female, and one (72 CGG repeats) did not have further testing as she would not terminate an affected pregnancy.
Additional findings
Additional findings were identified in six individuals. FXS testing identified one woman who likely had 47,XXX, as three FMR1 CGG repeat lengths were identified (23, 29, and 30 CGG repeats); this result was reported as "low risk." Five individuals were identified with CFTR variants that were not part of the 38-variant panel ( Table 3 ). This arose because the matrix-assisted laser desorption ionization-time of flight spectrometry system can detect novel alleles as aberrant peaks or reduced peaks on the mass spectrometry chromatograms that are then confirmed by sequencing analysis. Four of the CF variants (c.374T > C, c.1438G > A, c.1666A > G, c.3854C > T) had been reported in the Cystic Fibrosis Mutation Database (http://www.genet.sickkids.on.ca/cftr/ app) in patients with milder CFTR-related presentations, including congenital bilateral absence of the vas deferens and CF-like symptoms. These variants were reported as "low risk." Information obtained from in silico software predicted the pathogenicity of the fifth CF variant (c.1364C > T), to be disease-causing, but due to the absence of reported clinical cases, this variant was classified as a variant of unknown significance (VUS) and reported as "low risk."
DISCUSSION
We have demonstrated high clinical utility in population screening for CF, FXS, and SMA, three inherited conditions for which there is a strong rationale for population carrier screening. Our program was the first genetic carrier screening panel available in Australia offering simultaneous screening for these conditions. With significant interest from health professionals and those offered screening, we have shown that a comprehensive screening program can be offered successfully through a specialist genetics service with strong clinical and laboratory expertise. This has enabled many individuals to become aware of their carrier status and to obtain an accurate assessment of their risk of having a child with these conditions. Our program revealed approximately 1 in 20 individuals to be a carrier of one or more of the conditions tested, and for the majority there was no known family history of the condition. One in 240 couples was identified as having a high chance of having an affected child. One in 1,006 women who were identified as carriers and pregnant at the time of testing had an affected pregnancy (4 CF, 2 FXS, 1 SMA). This affected pregnancy rate is comparable to the frequency of live births affected by Down syndrome, 17 for which screening is routinely offered as part of standard pregnancy care. 18 The high proportion of individuals identified as carriers emphasizes the benefits of implementing a population-based carrier screening approach rather than relying on family history to guide screening decisions.
Screening a large number of individuals has provided a useful insight into the carrier frequency in the local population with the proportion of individuals identified as carriers of CF and SMA (1 in 34 and 1 in 50 respectively) confirming previous reports in the Victorian population (CF: . 13)). Although there are limited Australian data available on FXS carrier frequency, 1 in 330 females screened were carriers (>54 repeats) which is lower than that observed in North American populations 19 and may be due to sample bias.
The provision of genetic counseling services and its coordination with laboratory testing forms a key component of the carrier screening program. This approach enabled appropriate management of additional findings of unclassified CFTR variants and possible triple X syndrome, and resulted in approximately 95% of partners of CF or SMA carriers being tested. This allowed accurate residual risk calculations for individuals with low risk results (based on carrier rates in the Australian Caucasian population) and for carriers with a partner who had a low risk result. The availability of genetic counseling, including the option of an appointment with a pediatric subspecialist, was valued by carriers and is fundamental given that informed decision making is difficult to achieve in the context of population screening. 20, 21 Since Asians. Based on current information, this variant has been classified as a VUS.
CBAVD, congenital bilateral absence of the vas deferens; CF, cystic fibrosis; VUS, variant of unknown significance.
the advent of technologies like massively paralleled sequencing there have been a number of tests developed that screen for an expanded group of recessive disorders. There are estimated to be greater than 1,300 known recessive genetic conditions, affecting at least 30 in every 10,000 children, 22 which collectively are anticipated to result in 1-2 in 100 couples being at high risk of having an affected child. To deliver screening programs with high clinical utility, careful consideration needs to be given to carrier screening program design before implementation, including the conditions to be screened, the detection rate for each condition, the current knowledge base for known variants, and ethnic difference in carrier frequencies. 2, 4 Complex inheritance patterns and disease etiology of CF, SMA, and FXS raised interesting genetic counseling considerations. There are approximately 2,000 gene sequence variants that have been identified in the CFTR gene 23 with only 23 of the most common disease-causing variants recommended for testing by ACMG based on known pathogenicity and population frequency. The considerable variation of carrier frequencies and pathogenic variants between different ethnic groups is a key challenge in developing population screening programs for CF. Ethnic variation was highlighted in our program with some individuals identified as carriers of CFTR variants not in the ACMG list of recommended CFTR variants to screen for, including one member of a carrier couple who had an affected pregnancy. This emphasizes the need for population screening programs to be developed with the ethnic diversity of the local population in mind. We recognize that a limitation with our program, which is offered in a very diverse ethnic population, is the level of knowledge about sequence variants in some ethnic groups.
FXS carrier screening provided a number of genetic counseling complexities. Firstly, we opted to report results for women with GZ alleles (allele sizes between 45 and 54 CGG repeats) as "low risk" given that women with a GZ allele are not at risk of having a child with FXS. Our data indicate that approximately 2.13% of women tested had GZ alleles that, if not reported as "low risk," would have significantly impacted on genetic counseling resources and may have led to increased anxiety for these women and to increased uptake of invasive testing (CVS or amniocentesis). Secondly, a substantial proportion of women with PM alleles had PMs less than 65 CGG repeats, conveying a less than 5% chance of having a child with FXS. 15 The genetic counseling for these women was challenging given that they generally had no family history of FMR1-associated disorders and the CGG was unlikely to expand to a FM in one generation. Most of the carriers of small PMs who were pregnant at the time of testing opted for prenatal diagnosis revealing stable transmissions when the premutation was passed on in all but one instance (where the PM increased by four repeats). It could be argued that these invasive diagnostic procedures may have been unnecessary. 24 Presence of AGG interruptions influences stability of the FMR1 CGG repeat, 25 and AGG analysis may provide more accurate estimates of the risk of expansion, assisting women with small PMs in making informed decisions, particularly regarding whether to proceed with invasive testing. 26 Thirdly, offering FXS carriers the option of noninvasive prenatal screening to determine fetal sex followed by prenatal diagnosis for a male fetus, which in both cases was suggested by the patient's obstetrician, may reflect a lack of awareness that females can be affected by FXS, suggesting that more education about FXS for health professionals offering carrier screening is needed.
The wide spectrum of phenotypic severity seen in SMA posed interesting genetic counseling challenges in the case of SMA prenatal diagnosis. SMN2 copy-number testing was performed to guide counseling about the predicted phenotype of the affected fetus. An important genetic modifier of SMA and differing from SMN1 by only five nucleotides, SMN2 copy number is generally inversely correlated with severity. In an individual with SMA and two copies of SMN2, the probability of SMA types 1, 2, and 3 is 97.30%, 2.70%, and 0.04% respectively. 16 As the affected fetus had two copies of SMN2, it was highly likely to have an early-onset form of SMA (i.e., SMA type 1 or 2). However, as other genetic modifiers and factors affecting SMA severity exist, SMA type is difficult to predict with certainty and SMN2 copy number should be interpreted with caution in the context of prenatal testing. 27 At the time of testing, clinical trials for infants with SMA were available, adding to the complexity of the decision making and genetic counseling for this couple. The recent FDA approval of nusinersen for all forms of SMA, 28 and the importance of early treatment to maximize therapeutic benefit, 16 reinforces the need for early and/or prenatal diagnosis of affected infants with SMA.
Our screening program is limited by the fact that it was predominantly offered by private practitioners (obstetricians and fertility specialists) in metropolitan Melbourne. This may have been due to a lack of knowledge and awareness of the availability of the test amongst general practitioners and health professionals in the public system. Additionally, a higher proportion of people screened were from Greater Melbourne (95.80%) compared with the general Victorian population for which residents of Greater Melbourne make up 76.50% and account for 78.40% of births. 29 The reasons for this are unclear but may relate to awareness and availability of the test in regional areas. Residents of regional Victoria have similar median income and a slightly lower proportion have a post-school academic qualification. 29 The cost of the test may also have been a barrier. Information on the test request form provided by the health-care practitioner was extremely limited in some instances, and is the reason we have only been able to report presence or absence of family history for the carriers identified. We also did not collect information about the ancestral heritage of individuals screened, but this is likely to be similar to the general Victorian population in which the most frequently reported ancestries are Great Britain (80%), Continental Europe (23%), and Asia (13%). 29 We were not able to obtain a complete data set of pregnancy outcomes of increased risk couples/individuals for subsequent pregnancies, or for increased risk couples who were not pregnant at the time of learning their carrier status, due to people being seen at other genetics services or in vitro fertilization clinics, and/or moving interstate or overseas. Additionally, we were not able to obtain information on how many people were offered screening or why they may have declined this offer. However, research into our prior CF carrier screening program has shown that reasons for declining CF carrier screening include perceiving carrier screening as irrelevant due to a lack of family history of CF or other genetic conditions, and not intending to consider termination of pregnancy for CF. 30 Health professional attendance at the screening program education sessions was unable to be recorded in some instances so we do not know the proportion of health professionals offering the test who attended an education session. Further research is needed to explore approaches to offering carrier screening panels, including the knowledge and perspectives of those offering and being offered this screening.
This genetic carrier screening program for CF, FXS, and SMA has proven to be successful in identifying individuals and couples at increased risk of having a child affected by one of these conditions. Offering screening through a coordinated clinical and laboratory service ensures patients are supported to make informed reproductive choices. This program has demonstrated that despite individual recessive conditions being relatively rare, when tested collectively, the combined chance of an affected child with one of the conditions is comparable to that of Down syndrome. This screening program establishes a solid foundation and working protocol for expansion to include a larger number of genetic conditions.
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